A regional coupled climate-chemistry-aerosol model is developed to examine the impacts of anthropogenic aerosols on surface temperature and precipitation over East Asia. Besides their direct and indirect reduction of short-wave solar radiation, the increased cloudiness and cloud liquid water generate a substantial downward positive long-wave surface forcing; consequently, nighttime temperature in winter increases by ؉0.7°C, and the diurnal temperature range decreases by ؊0.7°C averaged over the industrialized parts of China. Confidence in the simulated results is limited by uncertainties in model cloud physics. However, they are broadly consistent with the observed diurnal temperature range decrease as reported in China, suggesting that changes in downward longwave radiation at the surface are important in understanding temperature changes from aerosols.
A tmospheric aerosols influence the climate directly by scattering and absorbing incoming solar radiation and indirectly by acting as cloud condensation nuclei and͞or ice nuclei, therefore modifying the microphysics, radiative properties, and lifetime of clouds. Consequently, they alter the net radiation both at the top and bottom of the atmosphere (1) (2) (3) (4) (5) . Since preindustrial times, anthropogenic aerosols, consisting mainly of sulfate and carbonaceous aerosols [black carbon (BC) and organic carbon], have substantially increased, especially over urban͞ industrial regions (6) (7) (8) . This perturbation in aerosol concentrations is believed to have had significant climatic impacts, especially at the regional scale (7, (9) (10) (11) .
Recently, Zhou et al. (12) , following the technique advanced by Kalnay and Cai (13) , found a larger decrease in the diurnal temperature range (DTR) over the industrialized parts of China using the land-surface air temperature data recorded at 194 meteorological stations of China from 1979 to 1998 than that using the National Centers for Environmental Prediction͞ Department of Energy Atmospheric Model Intercomparison Project (AMIP)-II Reanalysis data (R-2) (14) . The authors interpreted their results as an indication of the climatic effect from urbanization and͞or land use changes through the modifications of boundary conditions. However, the aerosol indirect effect includes changes in cloud properties, which possibly lead to a long-wave surface warming at night, in addition to daytime cooling from aerosol-solar radiation interaction. The decrease of DTR has been hypothesized to result from increasing cloudiness and, hence, the reduction of the daytime solar heating at the surface (15) (16) (17) . However, cloud cover has only increased slightly in southern China (18) . Could some other cloud changes contribute to the observed decrease of DTR?
To address the question, we present an attempt to use a coupled regional climate-chemistry-aerosol model to assess the effects of anthropogenic aerosols on cloud properties and hence on regional surface temperature and examine how these effects might contribute to the nighttime temperature and DTR changes over East Asia. This region is one of the most populous and rapidly developing regions of the globe (19) and has a large atmospheric loading of anthropogenic aerosols because of its rapid industrialization, urbanization, and domestic heating (20, 21) . Although there is now extensive literature estimating the indirect radiative effect of observed aerosols (10, 22) , relatively few of those studies have been coupled with the models of the chemical production and transport of the aerosols (e.g., refs. 23 and 24).
Model Results
To assess the model-simulated aerosol impacts on climate, in particular on the surface temperature over East Asia, we conducted two pairs of yearlong simulations (Table 1) spanning a period from June 1, 1994, to August 31, 1995, with the first 2 months serving as spin-up for the subsequent 13-month period [see Fig. 5 , which is published as supporting information on the PNAS web site, for the evolution of domain-averaged precipitation, cloudiness, and aerosol optical depth (AOD) showing that the simulations have spun-up reasonably]. Two types of autoconversion schemes are used in our experiments: the Kessler type (25) (hereafter referred as KS69) and the Beheng type (26) (hereafter referred as BH94). In the two control runs (CONT and BHCONT), aerosol radiative and cloud effects are inactive using the KS69 and BH94 autoconversion schemes, respectively. In the experiment INDIR1, the direct and first indirect effects were included using the KS69 scheme, whereas in the experiment BHIND2, only the second indirect effect was included using the BH94 parameterization, with the cloud radiation calculated using cloud liquid water content w L , and cloud effective radius r e kept at the same value as in BHCONT.
The simulated climatic conditions over East Asia and their comparison with observations were discussed in detail by Giorgi et al. (27) . They show a summer monsoon season with a predominant low-level southerly and southwesterly circulation, a maximum in precipitation and cloudiness, and a winter dry season with prevailing westerly winds in the mid and high latitudes and an easterly wind in the subtropical regions. The simulated monthly average temperature generally agrees with the observations, with a cold bias of Ϸ1°C in summer and approximately 2°C in winter. The model also captures the seasonal variations of the observed precipitation (which is low in winter and high in summer) as well as the onset of the monsoonal rains in the spring, but it tends to overpredict the spring and summer precipitation by 20ϳ40%. The spatial and seasonal patterns of the observed overall cloudiness as estimated from National Centers for Environmental Prediction͞Department of Energy Atmospheric Model Intercomparison Project (AMIP)-II Reanalysis data (14) are generally simulated by the model, in particular over the continental region (see Figs. 6 and 7, which are published as supporting information on the PNAS web site). However, the model underestimates cloudiness by 10% over the Sichuan basin and a broad region covering the southern and eastern coast area of China.
Can the model reasonably simulate the aerosol distribution and abundance over East Asia? Fig. 1 illustrates the modelsimulated AOD derived from online-simulated concentrations of all aerosol species (sulfate, BC, and organic carbon) and their radiative properties for January, April, July, and October from the CONT run. It shows that AOD is highest in January with a broad region of Ͼ0.4 extending from the Sichuan Basin to the east coast of China and lowest in July with a region of Ͼ0.2 extending from Sichuan Basin toward the northeastern area of China. This seasonal variation in AOD is largely due to the seasonality in the rate of wet removal, which in turn is caused by the monsoon-driven variations in precipitation over the region (warm, wet summers and cold, dry winters) and, to a lesser extent, by the higher emission rates in winter as a result of domestic heating. To evaluate the simulated AOD, Fig. 2 presents a scatterplot between the model-simulated (from CONT run) and observed annually averaged AODs over east of China (102E ϳ 130E) where our model predicts the largest aerosol abundance. The observed AODs are taken from Zhou et al. (28) and were derived from surface solar irradiance measurements made at 31 meteorological stations from 1979 to 1990. likely arises from the inclusion of only anthropogenic aerosols emitted from within the model domain in our simulations, whereas the observed AOD is derived from natural and anthropogenic aerosols emitted from both inside and outside the model domain. The model-simulated AODs over the western half of China (data not shown) are quite a bit smaller than observed, presumably because of the occurrence of other sources of aerosols (i.e., dust) that are not included here (30) . Table 2 summarizes the model-calculated changes in cloudiness, net radiation at the top of the atmosphere, surface air temperature at 2 m, and precipitation annually averaged over the entire model land region except for 12 lateral buffer grids for the indirect experiments relative to their corresponding control experiments (i.e., INDIR1 vs. CONT and BHIND2 vs. BHCONT). The direct and first indirect effects (INDIR1) produce a negative net radiative forcing at the top of the atmosphere of Ϫ4.6 W⅐m Ϫ2 and decrease the surface temperature by Ϫ0.35°C. The spatial and seasonal distributions of this surface cooling (mainly during daytime), with a peak over the Sichuan Basin and winter, are seen in observational data as noted (31, 32) . Along with the atmospheric heating from BC absorption (also included in INDIR1), the surface cooling increases the atmospheric thermal stability and apparently inhibits cloud development (there is less cloudiness at approximately Ϫ0.008 and less cloud liquid water at approximately Ϫ2.3%) and decreases precipitation (Ϫ9.3%). The second indirect effect by itself (BHIND2) generates a negative net forcing of approximately Ϫ3.2 W⅐m Ϫ2 at the top of the atmosphere, but the surface temperature actually increases a small amount, by ϩ0.08°C. Evidently, this forcing term does not correlate very well with the surface temperature change. Precipitation is reduced by Ϫ20%, whereas cloudiness and cloud liquid water increase by ϩ0.061% and ϩ31.5%, respectively. These changes in clouds and precipitation are consistent with the second indirect effect; i.e., the reduction of cloud droplet size from anthropogenic aerosols lowers the coalescence efficiency between the relatively smaller cloud droplets, leading to less precipitation and more cloudiness and cloud liquid water in the atmosphere. Detailed analysis of aerosol effects on precipitation over East Asia can be found in Huang (ref. 33 ; available at http:͞͞etd.gatech.edu͞theses͞ available͞etd-03222005-120424).
To explore the cause of the temperature increase obtained in BHIND2, two additional runs of BHIND2 and BHCONT with more frequent data output (hourly instead of 6-hourly) were carried out for the winter season when the simulated temperature increase was the largest. Table 3 lists the winter mean daily maximum and minimum temperature change (T max and T min ) and the surface solar and long-wave forcing during the daytime and nighttime averaged over the subregion covering the Sichuan Basin, southern China, and eastern coast area of China where the anthropogenic aerosol loadings are highest (see Fig. 1a ). This subregion is also similar to the study region of Zhou et al. (12) , where nighttime warming and DTR decrease were observed. The model-simulated temperature increase from BHIND2 during nighttime is ϩ0.68°C, whereas during the daytime it decreases slightly by Ϫ0.05°C. Thus, the DTR decreases by 0.73°C averaged over this subregion. This simulated temperature change asymmetry arises because nighttime temperatures are more sensitive to the radiation changes than the daytime temperature, with a nighttime sensitivity (the mean surface temperature response at night to the surface radiative forcing) that is 0.08°C͞(W⅐m Ϫ2 ). Because surface temperatures at night and during winter are more strongly decoupled from those of the overlying atmosphere than that of daytime and summer, for the same amount of radiative change, nighttime͞winter temperature should show a larger change (e.g., refs. 34 and 35). Therefore, our model results suggest that the observed nighttime warming inferred from Zhou et al. (12) and its underestimation by the reanalysis data could be caused by long-wave warming at the surface during nighttime resulting from anthropogenic aerosols increasing the cloud cover and thickness. The net warming seen in Table 2 , despite the negative net radiative forcing at the top of the atmosphere, is explained by the larger nighttime sensitivity ( Table 3 ) compared with that of daytime to surface radiation.
To compare our results with the observed nighttime warming and DTR decrease of Zhou et al. (12) , an observed AOD trend from Luo et al. (36) is adopted, which is an AOD increase per decade of approximately ϩ0.08 during 1979-1990 over the above subregion. An estimate of the model-simulated DTR trend can be obtained by multiplying the observed trend in AOD by the mean DTR change per unit perturbation in AOD, assuming a constant sensitivity of DTR to the surface radiative forcing. Our simulated DTR change is Ϫ0.73°C, obtained from the simulated mean anthropogenic AOD of 0.42 over the subregion. Thus, the model-predicted DTR trend is Ϫ0.139°C per decade resulting from the aerosol second indirect effect. Given the differences expected between the simulated areal average and the observed station average, this simulated DTR trend may adequately correspond to the observed DTR decrease of Ϫ0.195°C per decade (12) .
The winter daily mean T max decreases over southeastern China and Japan and increases over the northern and western part of East Asia (Fig. 3a) , and T min increases over the entire continental East Asia and up to 1.8°C over the Sichuan Basin and northeastern China (Fig. 3b) . Thus, the DTR decreases by up to Ϫ1.5°C with the spatial pattern similar to that of T min (Fig. 3c) . By dividing the land areas into dry and wet surfaces using the Bowen ratio (␤, a measure of the ratio of sensible heat to the latent heat at the surface), it is found that T max decreases by Ϫ0.03°C over wet surfaces as expected by aerosol cooling (generally over southeastern China) but increases at ϩ0.12°C over dry surfaces (northwestern part), apparently for dynamical reasons because aerosol and cloud effects are small over there CLD, cloud fractional cover; CLWP, cloud liquid water path; NRF, net radiative forcing at the top of the atmosphere. CLWP is weighted by cloud fraction. Surface air temperature was calculated at 2 m above the surface. The relative change in percent is given for CLWP and precipitation. (Fig. 1a) . (Grid cells have been binned into ''dry'' when ␤ Ͼ ␤ and ''wet'' when ␤ Ͻ ␤ , where mean ␤ is averaged over the interior land region.)
The negative solar forcing and positive long-wave forcing at the surface (see Fig. 8 , which is published as supporting information on the PNAS web site) are generally consistent with that of the increased overall cloudiness. Fig. 4 shows an increase of low-level and overall cloudiness averaged during daytime and nighttime in winter. The increase in the low-level cloudiness (Fig.  4 a and c) appears generally over continental China and spatially correlates with the aerosol distribution with a slightly larger increase during nighttime. Conversely, the overall cloudiness (Fig. 4 b and d) increases over the entire domain with the largest increases over eastern China and the adjacent ocean areas.
Summary and Discussion
The aerosols simulated in this study produced changes in surface temperatures as a result of changes in the model's clouds and radiation that were largest in winter and over the industrialized parts of China. The simulated changes in cloud properties for this period and region consequent to the inclusion of anthropogenic aerosols not only reduce the daytime solar heating at the surface but add to the nighttime downward long-wave radiation, giving a nighttime warming of 0.7°C and DTR decrease of Ϫ0.7°C. In addition to the cloud cover, the increased cloud liquid water from aerosol indirect effects contributes to the observed decrease of DTR.
The indirect effects of aerosols on solar radiation noted in this work are qualitatively similar to what have been reported in studies of aerosol impacts on surface temperatures (10, 22) ; in particular, increases in cloudiness and cloud liquid water were modeled whose effects are to reduce the absorption of solar radiation. The consequences of such changes in cloud properties on global average solar radiation may be uncertain by nearly an order of magnitude ranging from Ϫ0.3 to Ϫ1.4 W⅐m Ϫ2 , depending on cloud physics and treatment of aerosol indirect effects in the models (10, 22) . Indeed, this aerosolcloud interaction is recognized as perhaps the most complex and uncertain issue in addressing anthropogenic impacts on climate change. Moreover, the nucleation of cloud droplets by aerosols, the coalescence of the cloud droplets into raindrops, and aerosol hygroscopic growth all occur on much smaller spatial scales than simulated by the meteorological models and involve variability of humidity on these scales (29, 37, 38) . The last effect could result in a low bias of simulated AOD compared with the observation. It also is noted that the description of the linkage between aerosol concentration and cloud optical properties depends on multiple factors, i.e., cloud droplet activation, updraft velocity, etc. (39) . However, physically based methods to determine cloud droplet concentrations from aerosol concentrations and other relevant parameters are not yet established to be any more successful than empirical relationships such as that used in this work and have the same qualitative behavior (40) . In addition, the effect from absorbing BC particles could be quite variable in both sign and magnitude, depending on their vertical location relative to the clouds (41) . The entrainment of the dry overlying free tropospheric air by the cloud-topped boundary layer may diminish the response of cloud water increase resulting from the aerosol-induced suppression of precipitation (42) .
Overall, the parameterizations of cloud formation and precipitation used in our model, as in all current climate models, may still have many unrealistic aspects. Application of the variety of parameterizations currently recommended in the literature will give a wide range of results. As summarized in Supporting Text, which is published as supporting information on the PNAS web site, repeating our simulations with the autoconversion scheme of Tripoli and Cotton (43) reduces the radiative forcing by a factor of Ϸ5. Conversely, Rotstayn and Liu (44) argued 60% reduction in their radiative forcing (from Ϫ0.71 to Ϫ0.28 W⅐m Ϫ2 ) using their newly developed autoconversion scheme. Thus, the agreement between the model-predicted and observed DTR may be fortuitous. Further support (or disproof) for the hypothesis that the DTR has been changed by an increase of nighttime downward long-wave radiation at the surface, as all estimates of the aerosol second indirect effect, will require advances in understanding how to include aerosol-cloud physics interactions in a climate model. The purpose here has not been to advance that understanding but to demonstrate a previously undescribed aspect of this complex situation, which could be important for interpretation of the observed DTR changes. That is, it may be necessary to address not only how changes in aerosol and cloud microphysics affect solar radiation but also how they may change long-wave radiation.
Model Description
The framework of our coupled regional climate-chemistryaerosol model is the National Center for Atmospheric Research regional climate model (RegCM2), a limited area model developed by Giorgi et al. (45, 46) with the augmentations described by Giorgi and Shields (47) and Giorgi et al. (27) . The coupled model was enhanced to include: a sulfur module based on Kasibhatla et al. (48) The aerosol-cloud interaction (indirect effect) is estimated using the CCM3 (National Center for Atmospheric Research Community Climate Model) radiation package in our regional climate model. It calculates cloud radiation in terms of two quantities: the cloud liquid water content (w L ) and the cloud effective radius (r e ). In the absence of anthropogenic aerosols, r e is assigned to be 10 m, a typical value for large-scale stratiform water clouds with a background cloud condensation nuclei population (52) . The parameterization for the first indirect effect (aerosols decrease the cloud droplet size and hence increase the cloud brightness) is represented in the model using an empirical relationship between the cloud droplet number concentration (N c ) and total hydrophilic aerosol concentration, then relating N c to the cloud effective radius (r e ) (53, 54). The second indirect effect (the reduction of cloud droplet size may increase the cloud lifetimes) was implemented by modifying the precipitation autoconversion rate (P autocv ) for large-scale clouds to depend on cloud microphysical parameters (N c or r e ) that are in turn affected by aerosols. In the standard RegCM2 model, a Kessler type of autoconversion rate is used to convert cloud water into rainwater with a conversion threshold (25) . The KS69 scheme was replaced with an autoconversion rate of Beheng (26) that also includes N c or r e to simulate the second indirect effect (ref. 23 ; see Supporting Text and also Fig. 9 , which is published as supporting information on the PNAS web site).
The model domain encompassed 80 ϫ 103 grid points (Ϸ4,800 ϫ 6,200 km 2 ) with a resolution of 60 km and is centered at (34N, 120E) , covering East Asia and adjacent ocean areas. The lateral boundary conditions to drive the model simulation were obtained from the analysis of observations from the European Center for Medium-Range Weather Forecast (ECMWF). A standard relaxation technique was used over a buffer zone of 12-grid point width, with greater forcing in the middle and upper troposphere and weaker forcing in the lower troposphere (46) . Thus, the aerosol effect on a regional scale was estimated by the spatial average over the interior model domain (see Fig. 10 , which is published as supporting information on the PNAS web site), which excludes this buffer zone.
